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 A common newly isolated strain of Nannochloropsis gaditana was investigated.
 The inﬂuence of cultivation period on growth and lipid properties were examined.
 Most of the examined items linear changed with the cultivation period extension.
 Lipid productivity revealed a growth cessation in 16 days.
 All of the biofuel properties satisﬁed the speciﬁcations of biodiesel standard.a r t i c l e i n f o
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Biodiesel propertiesa b s t r a c t
This work reported for the ﬁrst time the detailed impacts of cultivation period on growth dynamics and
biochemical composition of a microalga strain Nannochloropsis gaditana 1049. The results shown either
the biomass accumulation, lipid content, neutral lipid content, monounsaturated fatty acids composition
or the favorable fatty acid proﬁle of C16–C18 increased along with the cultivation period extension, but
the lipid productivity displayed a decrease since cultured for 16 days, with the highest value reached
289.51 ± 16.34 mg L1 d1. Biodiesel properties of this microalga also changed with the cultivation period
extension, with average unsaturated degree decreased from 1.24 ± 0.03 to 0.59 ± 0.02, cloud point
increased from 3.39 ± 0.40 C to 12.14 ± 0.32 C, cetane number increased from 54.59 ± 0.20 to
58.96 ± 0.16 and iodine number reduced sharply from 105.15 ± 2.24 gI2/100 g to 56.44 ± 1.76 gI2/100 g,
which all satisﬁed the speciﬁcations of biodiesel standard.
 2015 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
Continuously usage of petroleum sourced fuels is now widely
recognized as unsustainable and environmental unfriendly
because of the depleting supplies and the emission of carbon diox-
ide into the atmosphere contributing to the worldwide greenhouse
effect and global climate change (Wijffels and Barbosa, 2010; Hu
et al., 2008). Biodiesel currently derived from oil crops, waste cook-
ing oil or animal fat are of candidates to reduce the consume of fos-
sil fuels, but they cannot realistically satisfy even a small fraction
of the existing demand for transport fuels, unfortunately (Chisti,
2007; Matos et al., 2013). Microalga are considered as the onlypromising feedstock for biodiesel production, greatly exceed that
of agricultural oleaginous crops, without competing for arable land
(Wijffels and Barbosa, 2010). Biofuels from microalga are indicated
to be sustainable, renewable, carbon neutral and transformation
cost effectively because there is only a step or two away from lipid
to biodiesel (Chisti, 2007). Among all research aspects that the
researchers hold their focuses on, isolation of autochthonic appro-
priate microalga species and optimization of cultivation conditions
are of critical importance in enhancing biomass and lipid produc-
tion, and are the most direct and effective approaches to achieve
higher biomass density, contributing to improvement of efﬁciency
and economic beneﬁts of biodiesel production by microalga culti-
vation (Wijffels and Barbosa, 2010; Roleda et al., 2013; Song
et al., 2013).
Selection of appropriate microalga strains is the key considera-
tion in microalgal biodiesel production pipeline (Scott et al., 2010).
To evaluate whether a microalga strain is suitable for biodiesel
158 Q. Hu et al. / Bioresource Technology 192 (2015) 157–164production or not, the key criteria are lipid content, lipid produc-
tivity, TAG content in total lipid and suitable fatty acid composition
(Grifﬁths and Harrison, 2009; Talebi et al., 2013). Typically, lipid
content is reported as percentage dry weight (% DCW). Although
it is in some cases discarded recently, the data are readily available
and consistently reported in the literature. Higher lipid productiv-
ity was the base of better biodiesel production efﬁciency in
microalga outdoor large-scale cultivation, corresponding with that
in pursuing of commercializing feasible biodiesel production,
higher lipid productivity was one of the key criteria. Though almost
all types of microalgal lipids can be extracted successfully, only tri-
acylglycerol (TAGs) could be easily transesteriﬁed into biodiesel
using traditional methods (Gong and Jiang, 2011). And when been
put under unfavorable environmental or stress conditions for
growth, many microalga cells alter their lipid biosynthetic path-
ways toward the formation and accumulation of neutral lipids
(20–50% DCW), mainly in the form of TAGs (Hu et al., 2008;
Bougaran et al., 2010). Thus neutral lipid percentage of total lipid
could signiﬁcantly inﬂuence the efﬁciency and quality of biodiesel
produced by microalga. Differences in chemical and physical prop-
erties among biodiesel fuels can be explained largely by the fuels’
fatty acid (FAs) proﬁle. FAs structures show crucial acts on the size
distribution and average degree of unsaturation (ADU) of a kind of
microalga oil, which could predominantly inﬂuence the fuel prop-
erties – including kinematic viscosity (KV), speciﬁc gravity (SG),
cloud point (CP), cetane number (CN), iodine value (IV), and higher
heating value (HHV) of the biodiesel transformed from the
examined microalga oil (Knothe, 2005, 2009; Hoekman et al.,
2012).
Lipid content and FAs composition are always subjected to vari-
ability during the growth cycle of many examined microalga spe-
cies, and the increase of TAGs are often observed during the
stationary phase of microalga cultivation (Hu et al., 2008). With
the extension of the cultivation period, the nutrients of the culture
medium consumed, inhibitors accumulated, overshadow
increased, or only the cells turn aged. The aging or senescence of
the culture could affect the growth phase of the microalga cells
in the cultivation medium (Han et al., 2015), resulting in lipid
biosynthesize pathways changed from chloroplast or other cellular
membranes to neutral storage lipids, mainly TAGs. For example,
analysis of FAs composition in the diatoms Phaeodactylum tricornu-
tum and Chaetoceros muelleri revealed signiﬁcant increases in the
levels of saturated and monounsaturated fatty acids (SFAs and
MUFAs) (e.g. 16: 0, 16:1 and 18:1) and concomitant decreases in
the levels of polyunsaturated fatty acids (PUFAs) (e.g. 16:3 and
20:5 (EPA)) with the increasing of cultivation time (Liang et al.,
2006). Nannochloropsis oculata therefore shown an increase of the
EPA proportion in TAGs from 8% during the exponential phase to
68% at the end of stationary phase of growth (Tonon et al., 2002).
Nannochloropsis have attracted sustainable interests from algal
biodiesel researchers due to their high biomass accumulation rate,
high lipid content, high EPA content (Rodolﬁ et al., 2009; Doan
et al., 2011; Ma et al., 2014; Irina et al., 2006), and their been suc-
cessfully cultured in large scale using natural sunlight (Radakovits
et al., 2012). But much less information is available regarding the
FAs proﬁle of their lipids that could serve as biodiesel feedstock.
And the inﬂuence of cultivation period on the FAs proﬁle of these
microalga for biodiesel production is also lack of information.
In this study, a strain of Nannochloropsis gaditana 1049, isolated
from the coastal waters of South China Sea, was chosen to evaluate
the inﬂuence of cultivation period on its biodiesel production char-
acteristics by assessing the biomass accumulation, lipid content,
lipid production, lipid productivity, lipid distribution and FAs pro-
ﬁle. Furthermore, biodiesel properties which were estimated by
FAs proﬁle, such as KV, SG, CP, CN, IV, and HHV were also analyzed.
The objective of this study was to determine how the cultivationperiod inﬂuence the growth and lipid yield properties of N. gadi-
tana 1049, and the ultimate aim was to identify the best cultivation
period which as suitable for biodiesel production of this microalga.
2. Methods
2.1. Microalgal strain and cultivation
The marine microalga strain N. gaditana 1049 was provided by
Key Laboratory of Tropical Marine Bio-resources and Ecology
(SCSIO, Guangzhou), isolated from South Chinasea’s costal waters
(Daya Bay). The N. gaditana 1049 cells were cultured in sterilized
seawater enriched with modiﬁed F medium which contains: 1.5 g
NaNO3; 50 mg NaH2PO42H2O; 6.30 mg FeCl36H2O; 8.72 mg
Na2EDTA; 0.36 mg MnCl24H2O; 0.042 mg ZnSO47H2O; 0.02 mg
CoCl26H2O; 0.013 mg NaMoO42H2O; 0.013 mg CuSO45H2O;
0.001 mg Vitamin B12; 0.001 mg thiamine and 0.2 mg Biotin per
liter seawater, and 24 columns of 0.4-L glass bubbled tubes
(3.0 cm in diameter) were used for cultivation of this microalga
in laboratory scale. The 0.4-L tubes, which contained 0.35 L culture
medium, were bubbled with a sterilized air/CO2 mixture (95/5, v/v)
to support growth and maintain pH of the culture medium within
the desired range (7.8 ± 0.2). Culture temperature was controlled at
25 ± 1 C by air-condition. Continuous artiﬁcial illumination (250–
300 lmol photons m2 s1) was provided by daylight ﬂuorescent
tubes on one side of the tubes.
2.2. Algal growth and biomass determination
Parameters determined to monitor the microalga cell concen-
tration were optical density (OD) using a Thermo UV–vis spec-
trophotometer at the absorbance of 750 nm (three replicates)
(Makridis and Vadstein, 1999). The initial cell density of N. gaditana
1049 in all the columns were about 0.5 at OD750 with initial pH 8.0,
and cell density was monitored by OD750 after cultured for 1, 3, 5,
7, 9, 11, 13, 16, 19, and 21 days to measure the growth rate of the
microalga. To investigate the induction of lipid, carbohydrates and
protein synthesis characteristics changing with the cultivation per-
iod, the microalgal cells cultivated in the tubes were designed to
harvest since day 7. At the same time, dry cell weight (DCW)
was measured in the harvested columns to estimate the inﬂuence
of cultivation period on biomass accumulation (Yang et al., 2014;
Ma et al., 2014). Each designed harvesting experiment was per-
formed in three replicates, and then harvested by centrifugation
(5000g  5 min) and freeze-dried the wet algal pellet immediately,
the dry biomass was analyzed immediately or stored at 20 C for
up to 10-days prior to analysis.
The speciﬁc growth rate (k) of each period was characterized
based on the OD750 using the equation reported by Wood et al.
(2005). Biomass productivity (BP) was also determined by the bio-
mass accumulation and cultivation time and calculated.
k ¼ ln
N  lnN0
t  t0 ð1Þ
where k (d1) was the speciﬁc growth rate during the designed cul-
tivation period. N was the cell density (OD750) in the culture med-
ium when the cells were to be harvested at t. N0 represented the
OD750 value at the beginning of inoculation time (t0).
2.3. Determination of lipid content
To extract the intracellular lipids from the microalga, the
method previously optimized by Khozin-Goldberg et al. (2005)
was adopted. With which a mixture of methanol-dimethyl
sulphoxide (9:1, v/v), diethyl ether and hexane (1:1:1, v/v/v) were
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sample was extracted for three times. Lipid content and lipid pro-
ductivity were calculated with the following equations:
Lc ¼ LWAW 100 ð2Þ
Lp ¼ mt  LcDay  10 ð3Þ
(Lc, lipid content/% DCW; LW, extracted lipid weight/g; AW,
weighted algal biomass/g; Lp, lipid productivity/mg L1 d1; Day,
cultivation time/d).
The extracted lipids were stored at 4 C for further analysis.
2.4. Determination of protein content
The protein content of all the microalga samples were deter-
mined by measure the amino acids composition and content.
Amino acids composition and content were determined using the
GB/T 5009.124 method provided by Guangdong Food Quality
Supervision Institute Station (Guangdong, GZ) (Gerde et al., 2013).
2.5. Determination of carbohydrates
150 mg fractions of the freeze-dried microalga samples were
hydrolyzed under acidic conditions according to the NREL
Laboratory Analytical Procedure NREL/TP-510-42618. Then the
total amount of simple sugars in the acid hydrolysates were deter-
mined the by the phenol–sulfuric acid method (Dubois et al.,
1956). Each sample was analyzed for three times.
2.6. Classiﬁcation of total lipids
To distribute the extracted lipids of microalga N. gaditana 1049
and investigate the inﬂuences of cultivation period on the lipid
classes, total lipids were separated into neutral lipids, glycolipids
and phospholipids by silica gel column chromatography method
according to that previously described by Christie (2003). Each
sample was analyzed for three times.
2.7. Fatty acids composition and properties
Pretreated the N. gaditana 1049 dry biomass samples to gain
FAs of the microalga, then the FAs proﬁle were determined by
GC–MS with an Omegawax 250 polyethylene glycol capillary col-
umn (length, 30 m; diameter, 0.25 mm; 0.25 lm ﬁlm thickness),
using the method reported by Khozin-Goldberg et al. (2005). The
analysis parameters and programs of GC–MS previously reported
by Yang et al. (2014) were adopted. The content of each FAs com-
ponent was determined by the area normalization method, and
peak areas were quantiﬁed with Chrom-card for Windows soft-
ware. To quantify the fatty acid ratios on microalgal DCW, an inter-
nal standard of heptadecanoic acid (C17:0) (Sigma) was added to
the biomass before methylation.
2.8. Estimation of important N. gaditana 1049-derived biodiesel
properties based on FAs proﬁle
In measuring of the inﬂuence of cultivation period on critical
biodiesel properties of N. gaditana 1049 oil, usage of predictive
models based on FAs composition was relatively easier to obtain
than directly determination methods which required large
amounts of oil and specialized devices. In all the equations, which
were been built based on FAs compositional proﬁles to predict bio-
diesel properties, the ones been built by Hoekman et al. (2012)
were adopted to calculate the detailed inﬂuences of cultivationperiod on the biodiesel properties of the strain in this study, and
they were shown as follows:
ADU ¼
X
M  Y i ð4Þ
kV ¼ 0:6316 ADUþ 5:2065 ð5Þ
SG ¼ 0:0055 ADUþ 0:8726 ð6Þ
CP ¼ 13:356 ADUþ 19:994 ð7Þ
CN ¼ 6:6684 ADUþ 62:876 ð8Þ
IV ¼ 74:373 ADUþ 12:71 ð9Þ
HHV ¼ 1:7601 ADUþ 38:534 ð10Þ
where ADU is the average degree of unsaturation of the microalgal
oil; Yi is the mass fraction of each FA constituent; M is the number
of carbon–carbon double bonds in each FA constituent; kV was the
kinematic viscosity of microalgal lipid; SG was speciﬁc gravity; CP
was cloud point; CN was cetane number; IV was iodine value and
HHV was higher heating value.
2.9. Statistical analysis
Results were analyzed by means of Microsoft Excel 2003 and
Origin 8.1 software. Data were presented as the mean ± standard
deviation of the mean of samples. Signiﬁcant differences between
the means of N. gaditana 1049 growth, lipid specialities and biodie-
sel properties were determined by analysis of one-way covariance
(ANCOVA), with which a signiﬁcance level of P = 0.05 was estab-
lished in advance to sufﬁciently demonstrate a statistically signif-
icant difference.
3. Results and discussion
3.1. Effects of cultivation period on growth and biomass accumulation
of N. gaditana 1049
The pattern of the batch growth was measured. Optical density
at the absorbance of 750 nm was used as a quantitative way to cal-
culate the growth rate of N. gaditana 1049 according to cell num-
ber, while DCW was used to measure the biomass accumulation
of it on cultivation period, the results were analyzed as follows.
The speciﬁc growth rate (k) and biomass productivity of this
microalga on cultivation period were calculated on the basis of
OD750 and DCW and shown in Table 1.
According to growth rate and biomass accumulation of the
microalga cultured under the conditions in this study, all columns
started with the same cell density (OD750) of 0.511. There exhibited
a lag phase during the ﬁrst 3 days and maintained the exponential
phase from day 3 till to day 11, then the growth rate slowed down
and remained stationary with time, and the highest OD750 value of
17.49 ± 0.33 was achieved at 21 days cultivation. The speciﬁc
growth rate (k) (Table 1) shown the same trend of reducing with
extension of cultivation period with that of the OD750 value, and
the highest k value was received when the cultivation period was
7 days (0.42 ± 0.0156 d1). While after 21 days’ cultivation, k was
0.17 ± 0.0031 d1, which was similar to that reported by Ma et al.
(2014).
For biomass accumulation of N. gaditana 1049, the results
shown a linear relationship with the cultivation period extended
from day 7 to day 16 from 2.95 ± 0.07 g L1 to 8.65 ± 0.21 g L1,
then the increase rate slowed down and received the highest
DCW of 9.45 ± 0.21 g L1 at day 21. There existed a period of delay
Table 1
Speciﬁc growth rate and biomass productivity of N. gaditana 1049 on cultivation period. Data are given as means ± S.D., n = 3.
7 Days 9 Days 11 Days 13 Days 16 Days 19 Days 21 Days
k (d1) 0.42 ± 0.0156 0.36 ± 0.0067 0.31 ± 0.0046 0.27 ± 0.0091 0.22 ± 0.0051 0.19 ± 0.0009 0.17 ± 0.0031
BP (mg L1 d1) 421.42 ± 10.10 455.56 ± 15.71 504.55 ± 19.28 523.08 ± 0.001 540.63 ± 13.26 486.84 ± 18.61 450.00 ± 10.10
k meant the speciﬁc growth rate of N. gaditana 1049 in the designed cultivation period; BP was biomass productivity of N. gaditana 1049 in the designed cultivation period.
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value growth of the microalga revealed the turning point at
13 days cultivation, while the turning point of biomass accumula-
tion was obtained at day 16. Which might be the result of the dif-
ferent biosynthesis processes between cell division and cell size
growth. Biomass productivity (BP) (Table 1) indicated that there
exist a most effective cultivation period for N. gaditana 1049 culti-
vation, and the highest BP was obtained at 16 days
(540.63 ± 13.26 mg L1). While at 21 days’ cultivation, it was
450.00 ± 10.10 mg L1, which was still much higher than the high-
est BP value reported by Ma et al. (2014). Decrease of growth
according to cultivation period has not been observed. In this
study, a visible change in the color of the cultures was detected
from green to yellow brownish, and the color of the dry biomass
of the microalga also changed from green to brownish, this result
was consistent with previous observations (Wu et al., 2012).Fig. 1. Effects of cultivation period on cell components content of N. gaditana 1049.
Data are given as means ± S.D., n = 3, the content of protein was analyzed for only
once.3.2. Effects of cultivation period on lipid, protein and carbohydrate
content of N. gaditana 1049
Lipid content is a key criterion for choosing oleaginous
microalga species, and the basal lipid content of microalga are usu-
ally limited to not higher than 20% or 30% DCW under standard
conditions (Hu et al., 2008; Grifﬁths and Harrison, 2009). And the
lipid content reported in literature for most microalga was very
variable and dependent on the environmental and cultivation con-
ditions. For example, when the microalga cells became old or were
exposed to stress conditions, an extraordinary increment in the
lipid content could be observed (Hu et al., 2008; Klok et al.,
2013).
In this experiment, as described in Fig. 1, lipid content of N.
gaditana 1049 increased from 32.86 ± 1.36% to 61.15 ± 0.37%
DCWwhen the cultivation period extended from 7 days to 21 days,
showed the similar tendency with that of the biomass accumula-
tion. From 7 days to 13 days, lipid content of N. gaditana 1049
grows markedly in a near-linear efﬁciency with cultivation time
with values ranging from 32.86 ± 1.36% to 50.42 ± 0.47%, then the
growth rate slowed down with an increasement of 50.42 ± 0.47%
to 61.15 ± 0.37% from 13 days to 21 days, the stationary value of
lipid content was about 60% DCW. Compared to previous works,
the highest lipid content of N. gaditana 1049 corresponded to the
top lipid producer reported by Ma et al. (2014) and Song et al.
(2013). Lipid content of N. gaditana 1049 was basically directly pro-
portional to the usage efﬁciency of nitrogen element. With biomass
accumulation of the microalga, nitrogen element in the cultivation
medium consumed, then the cells were exposed to nitrogen starva-
tion condition and speed of cell division drooped, biosynthesis of
TAGs increased (Hu et al., 2008).
The content of protein and carbohydrate were also signiﬁcantly
inﬂuenced by the cultivation period. As could be indicated in Fig. 1,
the percentage of protein content was 33.91% DCW when cultured
for 7 days, and then the content decreased with the extension of
cultivation period, with the lowest protein content accounting for
13.75% DCW when cultured for 21 days. The content of carbohy-
drate increased form 16.78 ± 0.59% DCW to 18.56 ± 1.14% DCW
from 7 days to 9 days, and then the content ﬂuctuated around
the value of 17% DCW with the cultivation period extension, itrevealed a lowest value of 14.07 ± 0.20% DCW after cultured for
21 days.3.3. Effects of cultivation period on lipid production and productivity of
N. gaditana 1049
Lipid production and lipid productivity were parameters that
could more visually express the properties of a microalga strain
for biodiesel production, which were inﬂuenced by both biomass
accumulation and lipid content (Rodolﬁ et al., 2009; Hoekman
et al., 2012). Extension of cultivation period led to a progressive
increase of lipid production and lipid productivity of N. gaditana
1049, but lipid productivity eventually reached a growth cessation
after 16 days and then dropped down (Fig. 2). The highest lipid
production level was attained at day 21 (5779.09 ±
165.47 mg L1), while the highest lipid productivity value was
289.51 ± 16.34 mg L1 d1 at day 16, lipid productivity displayed
a value of 275.19 ± 7.88 mg L1 d1 after cultured for 21 days,
and the values were much higher then that in literature (Rodolﬁ
et al., 2009; Ma et al., 2014; Bondioli et al., 2012; Grifﬁths et al.,
2012). To be compared with that reported by Ma et al. (2014), lipid
productivity of N. gaditana 1049 was much higher than the highest
lipid productivity (158.76 ± 13.83 mg L1 d1) attained by
Nannochloropsis oceanica IMET1.
Based on the lipid productivity, N. gaditana 1049 could be con-
sidered as a quality feedstock for microalgal biodiesel production,
and the most efﬁciency cultivation period was recognized as
16 days.3.4. Effects of cultivation period on lipid classiﬁcation of N. gaditana
1049
For all lipid components, only TAGs (TAGs comprised a major
proportion of the total lipids in neutral lipid) could be easily trans-
esteriﬁed into biodiesel by traditional methods (Gong and Jiang,
Fig. 2. Effects of cultivation period on lipid production and lipid productivity of N.
gaditana 1049. Data are given as means ± S.D., n = 3.
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niﬁcantly inﬂuence the production efﬁciency of microalgal biodie-
sel and the quality of biodiesel transformed from microglgal lipid
(Hu et al., 2008; Bougaran et al., 2010). The increasement of total
lipids in aging microalgal cells or cells exposed to various stress
conditions consisted primarily of neutral lipids, due to lipid biosyn-
thesis shifting from membrane lipid synthesis to storage of neutral
lipid (Hu et al., 2008; Liang et al., 2006). The overall increasement
of neutral lipid content contributed by this shifting might account
for as much as 80% of the total lipid content (Tonon et al., 2002;
Bougaran et al., 2010).
As shown in Fig. 3, the total extracted lipid of N. gaditana 1049
was distributed into three parts by the silica gel columns, neutral
lipid was the predominant class of the total lipid under all the cul-
tivation periods, and phospholipid and glycolipid constituted as
the secondary and least components, respectively. But the ratios
of the different lipid classes were in connection with cultivation
period and changed with the extension of it. As could be indicated,
the content of neutral lipid increased linear with the extension of
cultivation period from 50.17 ± 1.02% to 74.63 ± 0.20% total lipid
from 7 days to 13 days, and in the subsequent extension of cultiva-
tion period, the content of neutral lipid only rose from
74.63 ± 0.20% to 83.53 ± 0.03% total lipid in 8 days. And when theFig. 3. Effects of cultivation period on lipid classiﬁcation of N. gaditana 1049. Data
are given as means ± S.D., n = 3.cultivation period were from 16 days to 21 days, neutral lipid con-
tent of the microalga cells accounted for about 80% the total lipid,
which were very high values similar to that reported previously
(Hu et al., 2008; Tonon et al., 2002).
For glycolipid and phospholipid, the properties of their content
changing with extension of cultivation period were on the contrary
with that of neutral lipid. When cultivation period ranged from
7 days to 13 days, glycolipid and phospholipid content reduced lin-
ear with cultivation period from 19.65 ± 0.18% to 11.08 ± 0.44% and
30.18 ± 0.84% to 14.29 ± 0.31% total lipid, respectively. And then
the rates of decrease slowed down and maintained percentages
of about 7 and 10, respectively.
As a conclusion, based on the content of neutral lipid, N. gadi-
tana 1049 could be consider as a suitable feedstock for microalgal
biodiesel production, and the neutral lipid content could be
improved by extend the cultivation time. In this study, the efﬁ-
ciency of time extension on neutral lipid content increase
decreased at the beginning of 16 days, cultivation period of more
than 16 days should be considered as an adoptable period for bio-
diesel production using N. gaditana 1049.
3.5. Effects of cultivation period on FAs proﬁle of N. gaditana 1049
In addition to lipid productivity and neutral lipid content,
appropriate FAs composition and ratio of the microalga was
another important factor in screening microalga strains for biodie-
sel production. Which was because of the composition and ratio of
FAs inﬂuenced the quantity and quality of the transesteriﬁed bio-
diesel, especially when the microalga strain was capable to pro-
duce PUFAs. As previously reported in literature, the FAs
composition for most microalga strains varied and ﬂuctuated
under different cultivation conditions (Talebi et al., 2013; Tonon
et al., 2002). For a consensus view displayed that the most common
feedstock suitable for biodiesel production should be enriched in
FAs with chain lengths ranging from C16 to C18, such as C16:0,
C16:1, C18:0, and C18:1 (Knothe, 2009). For microalga strains in
the class of Eustigmatophyte, the major fatty acids of the algal cells
are C16:0, C16:1 and C18:1 (Cobelas and Lechado, 1989).
FAs compositions of N. gaditana 1049 under different cultivation
period were analyzed, and the results were depicted in Table 2. It
could be concluded that the overall FAs composition of this micro-
alga increased with the extension of cultivation period, in which
the amount of total FAs rose from 15.09 ± 1.08% to 36.55 ± 0.70%
DCW when the period extended from 7 days to 21 days. And the
growth rate of it was similar to that of lipid content. C16:0,
C16:1 and C18:1 were primary components of the FAs, C14:0,
C20:4 and C20:5 were also staples. Along with the period exten-
sion, the content of C14:0, C16:0, C16:1 and C18:1 increased obvi-
ously, C20:4 ﬂuctuated from 7 days to 13 days and then remained
an nearly invariable value of about 0.5% DCW from 16 days to
21 days, and C20:5 revealed a prominent decrease from
2.23 ± 0.13% to 0.65 ± 0.07% DCW in the harvested cells. Through
comprehensive analysis of the fatty acids, SFAs increased from
6.87 ± 0.58% to 19.43 ± 0.56% DCW, MUFAs increased from
5.45 ± 0.42% to 15.76 ± 0.34% DCW, and the ratio of PUFAs reduced
from 2.76 ± 0.09% to 1.38 ± 0.21% DCW in absolute content level.
A useful comparison of the major FAs constituents on total FAs
in N. gaditana 1049, in respects of C16:0, C16:1, C18:1, PUFAs and
others, was provided in Fig. 4. And it could be concluded that the
increase of FAs content was a complicated progress, mainly con-
tributed by increasement of C16:0, C16:1 and C18:1, and removed
the decrease of PUFAs.
There was a consensus view indicated that the most favorable
biodiesel would have low levels of SFAs and rather low levels of
PUFAs to avoid cold ﬂow and oxidative stability problems
(Knothe, 2009; Hoekman et al., 2012). Thus MUFAs were capable
Table 2
FAs composition and ratios on dry cell weight of N. gaditana 1049 under different cultivation period. Data are given as means ± S.D., n = 3.
Fatty acids 7 Days 9 Days 11 Days 13 Days 16 Days 19 Days 21 Days
C14:0 0.63 ± 0.01 0.63 ± 0.07 0.66 ± 0.04 0.69 ± 0.00 0.70 ± 0.05 0.80 ± 0.04 0.79 ± 0.03
C16:0 6.18 ± 0.66 7.91 ± 0.30 11.77 ± 0.68 14.56 ± 1.39 15.50 ± 1.00 17.70 ± 0.98 18.14 ± 0.64
C16:1 5.33 ± 0.59 6.22 ± 0.00 8.38 ± 0.34 10.08 ± 0.99 10.79 ± 0.79 12.31 ± 0.61 12.29 ± 0.41
C18:0 0.06 ± 0.09 0.10 ± 0.14 0.30 ± 0.02 0.35 ± 0.02 0.40 ± 0.04 0.51 ± 0.06 0.50 ± 0.04
C18:1 0.12 ± 0.18 0.58 ± 0.10 1.29 ± 0.14 1.91 ± 0.20 2.47 ± 0.24 3.31 ± 0.10 3.47 ± 0.07
C18:2 – – 0.08 ± 0.12 0.08 ± 0.11 0.08 ± 0.12 0.11 ± 0.15 0.18 ± 0.03
C18:3 – 0.12 ± 0.17 0.42 ± 0.59 – 0.03 ± 0.05 0.08 ± 0.11 –
C20:3 – – 0.19 ± 0.03 – 0.08 ± 0.11 – 0.04 ± 0.05
C20:4 0.54 ± 0.04 0.77 ± 0.04 0.64 ± 0.03 0.81 ± 0.19 0.54 ± 0.05 0.54 ± 0.07 0.51 ± 0.06
C20:5 2.23 ± 0.13 2.18 ± 0.29 1.45 ± 0.03 1.24 ± 0.01 0.85 ± 0.05 0.78 ± 0.09 0.65 ± 0.07
SFA 6.87 ± 0.58 8.65 ± 0.09 12.73 ± 0.62 15.60 ± 1.37 16.60 ± 0.91 19.01 ± 0.88 19.43 ± 0.56
MUFA 5.45 ± 0.42 6.80 ± 0.10 9.67 ± 0.20 12.00 ± 0.79 13.26 ± 0.55 15.62 ± 0.50 15.76 ± 0.34
PUFA 2.76 ± 0.09 3.07 ± 0.16 2.40 ± 0.20 2.13 ± 0.31 1.58 ± 0.37 1.51 ± 0.43 1.38 ± 0.21
FAME 15.09 ± 1.08 18.52 ± 0.15 24.80 ± 0.63 29.73 ± 1.85 31.45 ± 1.09 36.14 ± 0.95 36.55 ± 0.70
*C16&C18 77.44 ± 0.10 80.02 ± 0.35 88.15 ± 0.53 90.74 ± 1.26 93.10 ± 1.06 93.89 ± 1.05 94.57 ± 0.69
SFA: percentage of saturated fatty acids (% DCW).
MUFA: percentage of monounsaturated fatty acids (% DCW).
PUFA: percentage of polyunsaturated fatty acids (% DCW).
FAME: percentage of fatty acids (% of DCW).
* C16&C18: percentage of fatty acids with chain lengths ranging from C16 to C18 (% FAs).
Fig. 4. Effects of cultivation period on FAs proﬁle of N. gaditana 1049. Data are given
as means ± S.D., n = 3.
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bility. In this study, it was interesting to ﬁnd that the relative pro-
portion of MUFAs, which composed of C16:1 and C18:1, grown
with the extension of cultivation period from 36.12 ± 0.18% to
43.10 ± 0.12% FAs. Fatty acids with chain lengths ranging from
C16 to C18 possessed a considerable amount of the total FAs,
accounted for percentages ranging from 77.44 ± 0.10% to
94.57 ± 0.69% FAs, and maintained a level of about 94% FAs since
cultivation period designed as more than 16 days.
Due to the certain FAs composition features of N. gaditana 1049,
it was clearly that this microalga strain was a suitable candidate
feedstock for biodiesel production. To consider the diversities
and conﬂicting impacts of FAs components changing with the
extension of cultivation period in, the quality of biodiesel trans-
formed from this microalga oil changed with cultivation period,
but it was difﬁcult to describe clearly the suitability of FAs proﬁles
on cultivation period. A comprehensive analysis was urgently
needed to evaluate the most important biodiesel properties.
3.6. Effects of cultivation period on biodiesel properties of N. gaditana
1049 oil
To further analyze the lipid characteristics for biodiesel pro-
duction, seven important biodiesel properties related to FAs itselfand been frequently reported in the literature were calculated
and shown in Table 3. ADU has been proved of high correlation
with several other properties, for example, higher ADU leads to
lower cetane number and poorer oxidation stability, but
improved low temperature performance. Thus 6 important bio-
diesel properties including kV, SG, CP, CN, IV and HHV were esti-
mated based on the relationships across a range of realistic
biodiesel types. The results and implications from each case were
discussed below (Hoekman et al., 2012; Ma et al., 2014; Song
et al., 2013).
ADU was average degree of unsaturation of the FAs, and it was
generally regarded as one of the most important fuel properties
and computed from compositional proﬁle of FAs (Song et al.,
2013). It inﬂuenced the oxidative stability performance of the bio-
diesel. In this study, it decreased with the cultivation period exten-
sion from 1.24 ± 0.03 to 0.59 ± 0.02. Expected to have an especially
increase of oxidative stability, which satisﬁed the biodiesel speciﬁ-
cations even at the longest cultivation period.
kV was a critical property measured the resistance of ﬂow due
to internal friction of one part of a ﬂuid moving over another and
crucially affected the behavior of fuel injection (Knothe, 2005).
Generally, higher kV led to poorer fuel atomization, larger droplet
sizes, poorer vaporization narrower injection spray angle, and
greater in-cylinder penetration of the fuel spray, resulting in over-
all poor combustion, high emission and increase of oil dilution
(Alptekin and Canakci, 2008). In this study, kV of biodiesel from
N. gaditana 1049 increased from 4.42 ± 0.02 to
4.84 ± 0.01 mm2 s-1 with the cultivation period extended from
7 days and 21 days. This might be caused by the increasing of sat-
uration level and average chain lengths of the FAs. The level satis-
ﬁed the biodiesel, ASTM biodiesel, and EN biodiesel speciﬁcations.
SG was a key characteristic that inﬂuenced engine performance
of the biodiesel. For fuel was injected depending upon its density
(Hoekman et al., 2012), the air–fuel ratio and energy content
within the combustion chamber were inﬂuenced by fuel density.
The SG of N. gaditana 1049 decreased along with the extension of
cultivation period from 0.879 ± 1.66 * 104 to 0.876 ±
1.30 * 104 kg L-1. which reached the requirement of Europe (EN
14214) speciﬁcations for biodiesel (B100) and biodiesel blends.
CP was temperature at which the least soluble biodiesel compo-
nent crystallizes from solution. Low temperature performance was
one of the most important properties for biodiesel. Poor low tem-
perature performance might be principally exhibited by ﬁlter
Table 3
Comparison of seven properties of biodiesel transformed from N. gaditana 1049 oil on cultivation period, and biodiesel, ASTM biodiesel, and EN biodiesel standards. Data are given
as means ± S.D., n = 3.
Biodiesel properties 7 Days 9 Days 11 Days 13 Days 16 Days
Value S.D. Value S.D. Value S.D. Value S.D. Value S.D.
ADU 1.24 0.03 1.14 0.05 0.82 0.04 0.73 0.05 0.64 0.04
KV 4.42 0.02 4.49 0.03 4.69 0.02 4.75 0.03 4.80 0.03
SG 0.879 1.66 * 104 0.879 2.49 * 104 0.877 2.01 * 104 0.876 2.96 * 104 0.876 2.27 * 104
CP 3.39 0.40 4.75 0.61 8.98 0.49 10.27 0.72 11.42 0.55
CN 54.59 0.20 55.27 0.30 57.38 0.24 58.02 0.36 58.60 0.28
IV 105.15 2.24 97.58 3.37 74.02 2.72 66.87 4.00 60.45 3.07
HHV 40.54 0.05 40.36 0.08 39.81 0.06 39.64 0.09 39.48 0.07
19 Days 21 Days Biodiesel, ASTM biodiesel, and EN biodiesel standard
Value S.D. Value S.D. Biodiesel US (ASTMD 6751-08) Europe (EN14214)
0.61 0.04 0.59 0.02 0.6–1.6 – –
4.82 0.03 4.84 0.01 4–5 1.9–6.0 3.5–5.5
0.876 2.24 * 104 0.876 1.30 * 104 0.87–0.89 0.85–0.90 –
11.81 0.54 12.14 0.32 – Report –
58.79 0.27 58.96 0.16 45–55 Min 47 Min 51
58.30 3.02 56.44 1.76 – – Max 120
39.43 0.07 39.39 0.04 38–41 – –
ADU: average degree of unsaturation; kV: kinematic viscosity 40 C (mm2 s1); SG: speciﬁc gravity (kg L1); CP: cloud point (C); CN: cetane number; IV: iodine value (gI2/
100 g); HHV: higher heating value (MJ/kg). The data about biodiesel were taken from published literature as indicated in the text. Average degree of unsaturation (ADU)
computed from compositional proﬁles in Table 2. KV, SG, CP, CN, IV, and HHV computed from relationships between biodiesel ADU and the properties in Section 2.8.
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fuel ﬂow (Hoekman et al., 2012). In this study, CP increased from
3.39 ± 0.40 C to 12.14 ± 0.32 C with the cultivation period
extended from 7 days to 21 days, which was caused by saturated
FAs content increasing. There were no low CP properties been
strictly speciﬁed, but it should be agreed upon by the fuel supplier
or purchaser.
CN was a dimensionless descriptor to measure the autoignition
quality characteristics of a fuel in a diesel engine. Generally, a
higher CN resulted in a better ignition quality of the fuel and vice
versa (Knothe, 2005; Hoekman et al., 2012), the CN of FAs
increased with chain length grown longer and decreased with
the increase of ADU. In this study, CN of N. gaditana 1049 FAs
increased with the extension of cultivation period from
54.59 ± 0.20 min to 58.96 ± 0.16 min, and satisﬁed the limits pro-
posed by U.S. (ASTM D6751-08) and Europe (EN 14214).
IV was a characteristic feature to indicate the oxidative stability
of a fuel, and it was directly related to FAs unsaturation (Hoekman
et al., 2012). In this study, IV of N. gaditana 1049 decreased with
the extension of cultivation period from 105.15 ± 2.24 gI2/100 g
to 56.44 ± 1.76 gI2/100 g, satisﬁed the restrictive maximum IV
value of 120 gI2/100 g biodiesel set by EN 14214.
HHV was considered to measure the energy content of a fuel,
which was primarily inﬂuenced by the mass fraction of oxygen
in the FAs, and unsaturation level had a somewhat stronger inﬂu-
ence upon the heating values (Hoekman et al., 2012). Unsaturated
esters have lower mass energy content (MJ/kg), and higher volu-
metric energy content (MJ/gal.) on saturated esters. In this study,
the extension of cultivation period led to decrease of HHV from
40.54 ± 0.05 to 39.39 ± 0.04, and satisﬁed the speciﬁcations of bio-
diesel standard.
As a conclusion, according to the ranges of qualities occurring in
common biodiesel feedstocks, and the three most common quality
standards of biodiesel, ASTM D6751 in the US and EN 14214 in
Europe, the values of ADU, kV, SG, CP, CN, IV, and HHV of N. gadi-
tana 1049 changed with the cultivation period extension, and com-
pletely satisﬁed the speciﬁcations. Thus, development and
utilization of N. gaditana 1049 for biodiesel production appeared
to be very cost effective and environmentally friendly, cultivation
period inﬂuenced the properties of biodiesel qualities, and the
quality of biodiesel could be optimized by control of cultivation
period.4. Conclusions
Nannochloropsis has been considered as promising feedstock for
microalgal biodiesel production. In this study, extension of cultiva-
tion period resulted in biomass accumulation, lipid content, lipid
production, neutral lipid content, FAs content, C16–C18 content
increase and average degree of unsaturation (ADU) decrease. And
the decrease of ADU led to linear changes of the other six biofuel
properties, which all satisﬁed the speciﬁcations of biodiesel stan-
dard. Cultivation period of 16 days could be selected as more
acceptable for biodiesel production using N. gaditana 1049 due to
it is high lipid productivity (289.51 ± 16.34 mg L1 d1), high neu-
tral lipid content and favourable biodiesel properties.
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